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ABSTRACT 


This thesis reports the results of an experimental 
investigation of the effects of temperature on the strain 
Bomcentratien factor due to a circular hole in a graphite/ 
epoxy laminated composite plate subjected to tension in a 
principal material direction. [It is shown that for the 
[0/+45/0]. laminate tested, the strain concentration factor 
at 300 degrees Fahrenheit was 20% greater than the room 
temperature value. This variation is not predicted by 
classical solutions based on homogeneous orthotropic 


elasticity. 
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GABLE OF SYMBOLS 


Extensional stiffness matrix 


Modulus of elasticity, Exponential power of 10 


Straumein % direction 


Strain in Y direction 


Fringe value divided by scale factor (47) of 


linear compensator 

Shear modulus 
Graphite/epoxy 
SuRchecOnceneratlon factor 
Index number 

In-plane forces 

Normal incidence reading 

Oblique incidence reading 

Total number 

Stiffness matrix 

Transformed reduced stiffness matrix 
Radius 

Transformation matrix 

Thickness 

Temperature correction, normal incidence 
Temperature correction, oblique incidence 
Axis parallel to force direction 
MoismpernpendlcGuldr to force direction 

Y distance divided by radius of hole 


Strain 





) Arbitrary angle from longitudinal axis 


v Poisson's ratio 

0 density 

Oo Sbress 

ie | A square matix 

Lay A column matrix 

Subscript 

Tj denotes row and column of matrix 

S Symmetric matrix 

X denotes direction 

] Longitudinal direction 

2 Transverse direction, Two plies (in laminate description) 
45 45 degrees between 1 and 2 directions 


superscript 


t Composite value 

P Photoelastic coating 
y Total laminate 

0 Middle surface 





I. INTRODUCTION 


The use of composite materials in construction is not a 
new concept. Composites of one form or another have been 
used for centuries. Mud and straw composite bricks, plywood, 
and Damascus steel are just a few ancient examples. 

Unlike metal alloys, in which the various alloyed 
materials mix together on a microscopic scale, composites 
preserve the separate identities of their constituents. In 
microscopic examinations of composite cross-sections the 
individual constituents are readily visible. With a careful 
choice of constituents, the composite can be made to exhibit 
the best properties of each, and frequently the composite 
will have properties better than those of any of its consti- 
tuents alone. 

Within the past ten years there has been a dramatic 
growth in the use of advanced composites as aerospace 
structural materials [1]. These so-called advanced compo- 
site materials are made by embedding high-strength and/or 
high-modulus fibers within an essentially homogeneous matrix. 
The fibers used in most current production composites, boron 
and graphite, offer strength-to-weight ratios (in the 
preferred direction) which are five times those of aluminum 
or steel, and stiffness-to-weight ratios up to eight times 
those of the conventional structural materials. fThese 


properties, combined with the ability of the designer to 





orient the fibers to give high strength where it is needed, 
without providing unnecessary strength in other directions, 
give the potential for great weight savings. 

The possibility of saving weight in aerospace structures 
has been the driving factor in the increased use of composites. 
Weight savings translate immediately into better performance, 
decreased size, greater range and on-station time, more pay- 
load. But the increase in the use of composites has been 
retarded by uncertainties with respect to the engineering 
details of its use. Joints and fittings, stress concentra- 
tions, effects of lightning strikes and environmental 
exposure, effects of ballistic impact and low energy impact - 
all have caused concern. Each of these problems has received 
attention, and some ae considered to be understood well, 
others less well. | 

With the increasing use of composite materials in 
mimeeratft construction, and the emergence of the VSTOL aircraft 
and sea control ship concept in naval planning, the problem 
of stress concentrations in composites at elevated tempera- 
tures becomes important. Rapid localized heating of skin 
panels due to deflected jet exhaust is likely, and where 
memess yisers such as fasteners, cutouts, etc., exist, 
problems may be expected. In addition, the predictions of 
a thermal-beam weapon (laser) [2], make it essential that 
knowledge be gained on the effects of temperature on stress/ 


strain concentrations in advanced composite materials. 





As a first step in investigating this problem, it was 
decided to test specimens of graphite/epoxy laminate under 
tension at various elevated temperatures to determine the 
effect of temperature on the strain concentration produced by 


a central hole. This thesis reports that investigation. 
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Pee UmuNe nO he wme RESEARCH PROGRAM 


As an initial investigation of the effect of temperature 
on strain concentration factors in advanced composite lami- 
nates, it was decided to fabricate and test a graphite/epoxy 
laminate, representative of aircraft skin materials. This 
material was tested to determine the effects of surface 
heating on the apparent elastic moduli and the maximum strain 
concentration factor around a central hole in a tension 
specimen. 

A balanced symmetric layup was chosen to represent a 
thin composite laminate aircraft skin. The layup chosen was 
[0/+45/0].., eight laminae in all, with an overall] thickness 
of .040 inches. The greatest strength and stiffness of this 
skin is in the zero degree direction, of course, but signifi- 
cant shear and transverse strength are present. Thus this 
ieup is stittable for use in aircraft skin applications. 

The first tests conducted were photoelastic evaluations 
of the location and magnitude of strain concentrations around 
a central hole in a tensile specimen. These tests gave a 
good picture of the behavior of the "simulated skin" specimens 
at room temperature. The full strain field was observable 
and showed that the strain concentration was in fact greatest 
at the ends of the diameter perpendicular to the forces. As 
shown by Lekhnitski [3], only with tension in the principal 


direction is the stress distribution symmetrical with respect 





to both principal directions. When pulled in other directions 
the stress distribution is symmetric only with respect to the 
center of the opening and the largest stress is not at the 
ends of the diameter normal to the acting force. Photoelastic 
testing ascertained proper strain gage placement for further 
mes ting. 

Finally, the effect of elevated temperatures on the 
strain concentration factor at a hole in a tensile specimen 
was determined by testing specimens at six different tempera- 
tures, using strain gages attached to the inner edges of the 
hole. It was recognized that this placement on the circum- 
ference of the hole would introduce relatively minor surface 
curvature effects in the strain gage data. More important, 
however, was the fact that it eliminated the necessity of 
extrapolating the data to the hole, a process which is 
difficult and tenuous at best, especially since photoelastic 
testing could not be done at high temperatures and there was 
a possibility of the strain concentration distribution 


changing. 
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Poe ae MieN ine PROCEDURE 


A. COMPOSITE MATERIAL MANUFACTURE 

The composite materials tested in this study were 
produced in the Naval Postgraduate School Composite Laboratory, 
the development of which was discussed by Linnander [4]. 
Graphite/epoxy plates were manufactured in this laboratory 
from "prepreg" (filaments preimpregnated with matrix 
material) Rigidite 5208 T300 supplied by Narmco Materials 
Division. This prepreg is sold in various widths, but twelve 
inch widths were used and cut to provide enough material to 
make sixteen inch square laminates. 

The prepreg is stored in a freezer due to its limited 
shelf life at room temperature. Before layup, the prepreg 
has to be warmed to room temperature. To avoid repeated 
warming and cooling of the entire roll of prepreg material, 
the amount required for laminates needed in the foreseeable 
future was cut, wrapped in wax paper and sealed in individual 
plastic bags. In this way only the material needed for a 
Single plate was warmed to room temperature when the layup 
was performed. 

The layup tool used was a sixteen inch square by three- 
eights of an inch thick aluminum plate. The composite layup 
for the test was balanced and symmetric, with a zero degree 
lamina followed by a plus and a minus forty-five degree 


lamina and another zero degree lamina. This half was mirrored 
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to make a laminate eight laminae thick. This layup made a 
laminate that was considerably stronger and stiffer in 
tension along the zero degree direction than along the ninety 
degree direction. 

The laminate was sandwiched between two sheets of 
TX1040 permeable teflon coated glass separator ply, and nine 
layers of 120 dry glass fabric bleeder plies (four on top and 
five on the bottom) to give the desired graphite/epoxy volume 
percent, followed by the aluminum plates which had been 
coated with a "Ram-Part" release agent to facilitate separa- 
tion after curing. This "sandwich" was then wrapped in mylar 
film to retain any excess epoxy not absorbed by the bleeder 
piTes . 

A thermocouple was placed in the edge of the laminate 
between the mid layers to monitor the actual laminate curing 
temperature. This thermocouple was connected to a Leeds 
and Northrup Speedomax-H strip chart recorder in order to 
record and control the curing temperature. To automate the 
timing of the curing cycle, series 325 automatic timers by 
Automatic Timing and Controls Inc. were used (Figure 1). 

A 50 ton Wabash Hydraulic (platen) Press model 50-45M was 
used (Figure 2) to apply pressure and heat during the curing 
cycle. 

The temperature and pressure cure cycle used was an 
initial rise from room temperature to 275 degrees Fahrenheit 


at five degrees Fahrenheit per minute, with only contact 
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Figure 1. Automatic Timers and Temperature Control 
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pressure applied. The temperature was held constant at 276°F 
for one hour, after which it again was raised at five degrees 
Fahrenheit per minute to 355 degrees Fahrenheit, under a 
pressure of 80 psig. The laminate was then cured at 355 
degrees Fahrenheit for two hours. The heaters were then 
turned off and the laminate was allowed to cool under pressure 
to less than 140 degrees Fahrenheit. After removing the 
plate from the "sandwich," the finished laminate was post 
cured in a Blue M Electric Co. model CW-/7712G automatic 
temperature controlled air-circulating oven (Figure 3) at 

400 degrees Fahrenheit for four hours, after a slow rise to 
temperatures of approximately two degrees Fahrenheit per 
minute. 

Fiberglass/epoxy plates of Scotchply Brand Reinforced 
Plastic type 1003 for specimen end tabs were also made in the 
same manner but with a simplified curing cycle. The tempera- 
ture was raised from room temperature to 330 degrees 
Fahrenheit under 80 psig at five degrees per minute, held 
for thirty-five minutes and then cooled under pressure. The 
layup for the end tab plates was nine laminae, alternated at 
zero and ninety degrees. 

The plates were cut out to the required specimen size 
on a Felker-Bay State-Dresser Model 41A liquid cooled cut off 


saw (Figure 4), using a diamond blade. 
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Cut-Off Saw. 


Figure 4, 





Be COMPOSITE MATERIAL QUALITY CONTROL 

Quality control] of specimens is a major concern in any 
experimental endeavor. The composites laboratory facility at 
the Naval Postgraduate School was developed to ensure that 
high quality composite specimens could be manufactured by 
different personnel with no noticeable change in quality of 
the specimens. Linnander [4] reported on the development of 
this lab and its automatic cycle timers and time/temperature 
mMecorders, pictured in Figure 1, to monitor the cure cycle. 

Besides careful manufacture, as an added check, fiber 
volume fractions were determined by the “Hot Acid Resin 
Digestion" method which was outlined by Hanley and Cross [5]. 
This method was chosen because of the relative ease of 
accomplishment with favorable results. Previous work done by 
Ferris [6] at the Naval Postgraduate School using standard 
quantitative microscopy techniques gave comparable results to 
hot acid resin digestion for a coupon from the same plate. 
This work in turn verified the work of Cilley, Roylance, and 
Schneider [7] which concluded that the hot acid digestion 
technique, despite the uncertainties of the constituent 
densities, is as reliable as the more complex quantitative 
microscopy techniques if average values rather than spatial 
Goer ibutions are sufficient. 

To accomplish this test a coupon, approximately one inch 
Square, was cut on a liquid-cooled cut-off saw. [This coupon 


along with a glass fritted funnel was placed in an oven at 


Za 





approximately one hundred and eighty degrees Centigrade for 
thirty minutes. The coupon and the funnel were then weighed 
on an analytical balance. The resin in the coupon was then 
digested by concentrated nitric acid that was heated to ninety 
degrees Centigrade. Complete digestion took approximately 
twenty minutes. After digestion the fibers were rinsed in 
Acetone and distilled water until all traces of the resin 
residue were gone. This liquid was then filtered through the 
fritted funnel under a vacuum which left only the graphite 
mers in the funnel. The funnel and the fibers were then 
heated in an oven at approximately one hundred and twenty 
degrees Centigrade for two and one-half hours to dry them. 
After drying, the fibers and the funnel were weighed on the 
Same analytical balance used previously. From this data, 


weight and volume fractions were computed with the following 


formulas: 
W - W 
= 2s fi 
WAY = 7m X 100 
S 
ile ? Wi. 
S 
Vi» = is X 100 
Yr % Ve + i 
te 
Vey = Kae 0 
te Ve a5 ve 
is aoe 
Ve = Nelo e 


Ze 





Wg =eresimewergit traction 


Me = resin weight 
Weg = fiber weight fraction 
We = fiber weight 
oP = coupon weight 
Ving = resin volume fraction 


V coy = fiber volume fraction 
0 = specific density of resin (epoxy = 1.265) 


= specific density of fiber (graphite = 1.9 - 2.3) 


Resin digestion of sample coupons yielded results very 
close to the sixty five percent graphite by volume desired. 


Sample results are as follows: 


Coupon number 200 

Coupon weight (gms) Ieee s5 

Weight of coupon and funnel (before) iieae 190 

Weight of fibers and funnel (after) 13.5698 

Weight of epoxy (grams) 0.2492 

Weight percent epoxy 24.23% 

Weight of graphite (grams) 0.7793 

Weight percent graphite TES TEI 

Graphite volume percent OSimcse =) 07 200% 
Epoxy volume percent 32.45% - 36.77% 


4“ 
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Ce SPECIMEN END TAB PREPARATION 

Fiberglass/epoxy end tabs were used on all test specimens. 
They were laid up as cross-ply laminates, i1.e., in alternating 
zero and ninety degree fiber directions, nine lamina thick 
with the top and bottom plies in the zero direction. They 
were tapered to a fifteen degree angle in the zero direction 
giving a "chisel point" appearance. This was accomplished by 
Pacing the four pads to be used on a specimen in a 
"Jorgensen" clamp spaced at the proper intervals to give a 
fifteen degree taper angle, and then sanding them on a belt 
Sander until the proper taper was achieved (Figure 5). This 
taper provided for smooth introduction of load into the test 
section of the specimen. The individual lamina were seven- 
thousandths of an inch thick, giving the end tabs a thickness 
of sixty-three-thousandths of an inch. After light surface 
Sanding and degreasing with Acetone the tabs were attached to 
the specimens with APCO 210 low viscosity epoxy resin with 
APCO 180 catalyst. This epoxy cures at room temperature, or 
can be oven cured for greater strength at three hundred 


degrees Fahrenheit for eight hours. 


D. POPERIMENTAL ELASTIC CONSTANTS 

To determine the constitutive properties of the 
a e45/0). laminate that was being tested, a series of 
tensile tests were performed. 

Three specimens were prepared with SR-4 strain gage 


rosettes located near the center. These rosettes were 
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Figure 5. End Tab Preparation. 
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FABR-24-12 type with a 120 ohm resistance and a 2.04 gage 
factor. Three other specimens were prepared with a single 
C9-141 gage with a 350 ohm resistance and a 2.07 gage factor 
manufactured by the Budd Company. These gages were wired 
into a Wheatstone bridge circuit with an adjustable power 
supply and calibrated to read one micro-volt per micro-strain. 

The specimens were prepared as basically outlined in 
the Advanced Composites Design Guide [8]. Specimens numbered 
200, 201, 104, and 105 were cut with their lengths parallel 
mon tiemzenomcainection fibers, Specimen number 290 was cut 
with its length ninety degrees to the zero direction fibers. 
Specimen number 245 was cut with its length forty-five degrees 
to the zero fibers (or parallel to the two forty-five degree 
fibers). These specimens were cut into one inch widths, 
ten-and-one-half inches Tong. Fiberglass/ epoxy end tabs 
consisting of nine laminae of alternating zero and ninety 
degree fiber directions were epoxied to both sides of the 
specimens as described earlier. These tabs were one inch 
wide, two-and-one-quarter inches long, and beveled at fifteen 
degrees to evenly distribute the stresses into the specimen 
while protecting the graphite/epoxy from being crushed or 
"broomed" by the test grips. The overall specimen length was 
ten-and-one-half inches, with a six inch test section length 
between the fiberglass/epoxy tabs. 

The specimens were mounted in a RIEHLE 300,000 pound 


universal testing machine, pictured in Figure 6. The 
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Figure 6. 





specimens were slowly loaded to failure while strain measure- 
ments were taken. Figures 7, 8, 9, 10, 11] and 12 are plots 
of the test data. From the graphs the following orthotropic 


constitutive properties can be determined: 


E, = 11.51 £6 vie 76 
ES =e 06 - 6 Voy = ees 
EY = 6.48 £6 


iomveriay tne Poisson's ratio the "reciprocal relation” 


25 Wp) = ee le 
from Jones [9] can be used giving 
EY ; 
ae = “AES = 7/584 = 76 


There are several ways to calculate the shear modulus. 


Using the formula from Jones [9]: 





P/A 


ex 





where EY = when loaded at 45 degrees. 


imines calculation gives: 


G15 = 3.64 £6 


A summary of the constitutive properties from the tests 


are ¢ 
EY = 1/1 223) Ile iate Vio 0 
ES = Za ele MO cal ny 
G15 = 3.64 £6 
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E.. PHOTOELASTIC STRAIN CONCENTRATION TESTING 
les Photoelastic Specimen Preparation 

The overall] specimen size was fifteen inches by 
two-and-one-half inches with four inch fiberglass/epoxy end 
tabs, prepared as discussed previously, epoxied on each side 
of the specimen. In the center a three-quarter inch diameter 
hole was drilled at 1100 rpm using a Felker diamond core 
drill in a milling machine with an oil/water spray-mist 
coolant. Tempered masonite was used as a backing to prevent 
fiber breakout. 

PS-1C photoelastic sheets were glued to the 
Specimen with the sides cut one-eighth inch oversize and the 
central hole drilled one-eighth inch undersize from the .75 
inch diameter hole. After curing the edges were trimmed with 
a one-half inch, four-fluted high-speed-steel end mill in a 
Milwaukee milling machine at 195 rpm while cooling with an 
oil/water spray mist (Figure 13). The hole was reamed using 
the same machine with a boring bar made of Wicneciieed-tool-. 
steel at 195 rpm using the same coolant. The photoelastic 
Sheet was attached to both sides of the specimen to eliminate 
unsymmetric bending. 

a PilomGlenasileammes LING IProcedUre 

The specimen was mounted in a Reihle 300,000 pound 
testing machine and the photoelastic data was taken using the 
030 series reflection polariscope manufactured by Photolastic, 


Inc. Prior to testing the specimen was cycled to the desired 
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load and back to zero several times, to reduce scatter due 
moe viscoelastic effects. 

Measurements were taken in both normal and oblique 
incidence, using the oblique incidence adaptor Model 033 and 
the linear compensator Model 232. Photoelastic procedures 
toeamare deseripbed in Photolastic, Inc.'s instruction manual 
Lule 

The stress concentration computer program written 
by Saba [11] was used to reduce the data. The plate in this 
instance is defined as being loaded in the X-direction and 
therefore the stress concentrations of interest here are 
along the Y or unloaded axis. The distance was normalized 


by the radius of the hole or three-eighths of an inch. 


ae BEEVATED TEMPERATURE TESTING 
ie Specimen Design and Preparation 

Temperature testing was broken down into two main 
categories: tests that would involve tensile specimens for 
demonstration of effects of temperature on the major modulus 
and Poisson's ratio, and piates with a hole for tests of 
Strain concentration factor changes. All of the specimens 
were cut and leaded along the zero fiber (strongest) 
mire ction. 

The tensile specimens (Figure 14) were cut in one 
inch widths, ten-and-one-half inches long. Two-and-one- 


quarter inch long fiberglass/epoxy end tabs were used as 
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discussed earlier. On the stress concentration specimens 
a four-and-one-half inch long by three inch wide tab was used. 

One of the major obstacles to the strain concentra- 
tion test program was the necessity of placing a strain gage 
In a hole with a .750 inch diameter and a thickness of .040 
of an inch. After many trials a method was devised that 
worked adequately. Figure 15 shows the special clamp that 
was manufactured from a dowel to apply the pressure needed 
during curing. The dowel was split lengthwise, a rubber pad 
was placed over the outside of the dowel to protect the gage, 
and metal wedges were then used to apply pressure by separa- 
ting the two halves. Tne composite surface was prepared for 
the gage by degreasing with Chlorothene nu, sandblasting 
lightly with an abrasive powder in aS. S. White Industrial 
Abrasive Unit Model F, and cleaning with acetone, 

The strain gages for room-temperature tests were 
fastened to the specimens with Micro-Measurements M Bond 200 
Single-component glue with an activator. The strain gages 
used in high temperature testing were applied with M Bond 610 
two component glue. The M Bond 610 required that the gages 
be clamped under light pressure and heated via a prescribed 
heat schedule to 330 degrees Fahrenheit for two hours. 

The strain gages used on tensile specimens 106 and 
107 were single C9-141 gages manufactured by the Budd Company 
with a 350 ohm resistance and a gage factor of 2.07. On 
specimens 204 through 207 and 301 through 304 a three gage 


rosette (foil C12-121B-R3T) manufactured by the Budd Company, 
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with a 120 ohm resistance and a gage factor of 2.06, was 
used. For the specimens with a hole, numbers 208 and 306, 
Micro-Measurements gages EA-13-031DE-120 were used with a 
120 ohm resistance and a gage factor of 2.07. 

The stress concentration specimens (Figure 16) were 
cut fifteen inches long and three inches wide. Four inch 
long fiberglass/epoxy end tabs were applied as outlined for 
the tensile specimens. 

Temperature sensing was provided with two glass- 
fabric insulated chromel-alumel thermocouples on the tensile 
Specimens and four thermocouples on the stress concentration 
Samples, placed one inch on either side of the strain gages. 
These thermocouples were placed on the same side as the 
Strain gages. The specimens were heated on the opposite side 
by three semi-focused tungsten-filament lamp heaters that 
were controlled with a variac. They were heated on only one 
Side and the temperature was measured on the opposite side 
in order to approximate an aircraft skin that was heated with 
an external energy source from the exterior, while strain 
and temperature was measured on the interior. 

Z.. Testing Procedure 

The specimens were mounted on a 300,000 pound 
RIEHLE test machine set at a 15,000 pounds maximum scale. 

The strain gages were connected to a Wheatstone bridge 


circuit powered by a SRC Division/Moxon Electronics Model 3564 
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power supply adjusted to a one amp output. The two-arm 

bridge was completed by an unused specimen in the compensating 
leg. The output of the bridge circuit was zeroed and calibra- 
ted utilizing a Digitec digital voltmeter. The output was 
then fed into a Hewlett-Packard 7100B strip chart recorder 
with an “event marker." The event marker was used to indicate 
125 1b load intervals as they were passed, in order to have 
continuous testing of a specimen while being able to record 
eeecitic load/strain readings. 

To eliminate strain rate effects a slow rate of 
approximately 4.0 E-5 Ib/sec was selected and used throughout 
mies test program. 

To monitor temperature the thermocouples were 
connected via a sealed rotary selector switch to a Doric 
DS-300 thermocouple indicator. The specimens were heated to 
temperature in one minute and then held until the reading 
stabilized (which took approximately three minutes) and then 
tested. On the tensile specimens where a temperature series 
was run (i.e., 106, 107, 204, 205, 301 and 302) the specimens 
were heated incrementally so that when the specimen was 
tested at 350 degrees Fahrenheit it had by then been "heat 
soaked" at 150 degrees F for forty minutes, 200 degrees F for 
thirty minutes, 250 degrees F for twenty minutes and 300 
degrees F for ten minutes. These specimens were then cooled 
down to the temperature for their ultimate failure test and 
loaded. Specimens 206, 207, 303 and 304 were loaded at room 


temperature and then heated to temperature and again loaded 
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for an ultimate failure test to see if prolonged heating 

made any appreciable difference. On the strain concentra- 
tion specimens the temperature was brought back to 75 degrees 
Fahrenheit after each loading run of the series. Temperature 
untformity was plus or minus ten degrees Fahrenheit and the 
average temperature was within five degrees of the nominal 
temperature. 

To eliminate the apparent strain exhibited with 
temperature change of the strain gages the strain indicator 
was balanced for zero strain and the test was run after the 
Specimen was temperature stabilized. To compensate for gage 
factor change Micro-Measurements [12] suggests multiplying 
the semicorrected strain (i.e., corrected for apparent strain 
only) by the reference gage factor divided by the gage factor 
at temperature. For the test temperatures involved this is 
a maximum change of 1% in gage factor. The surface curvature 
effects on apparent strain for the gages used mounted in a 
three-quarter inch diameter hole with "E" backing and 610 
adhesive result in a change in incremental apparent strain 
with temperature of three microinches/°F. This change was 
eliminated by balancing the strain indicator for zero strain 
after the temperature was stabilized. The strain gages used 
were rated for 350 degrees Fahrenheit for continuous use and 


for 400 degrees Fahrenheit for short term exposure. 
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DiemeoocuoolON OF RESULTS 


A. SPECIMEN QUALITY CONTROL 

After manufacture and post cure all laminated plates 
were visually checked for flaws and indications of residual 
Stresses due to the thermal cure cycle. The plates were flat 
and free of flaws. "Hot acid resin digestion" of sample 
coupons showed the fiber volume fractions of the specimens 
to be between 63% and 67%, bracketing the desired 65% volume 
fraction. The experimentally determined engineering constants 


for the laminated specimens were 


E, = 11.51 £6 1b/in? 
E, = 2.58 E6 Ib/in? 
V19 = (Iie 
vo] = 0.17 
Gio = 3.64 E6 Ib/in? 


Engineering constants were predicted, based on data from the 
Advanced Composites Design Guide [8] and using classical 


laminate theory, to be: 


E, = 12,345 £6 Ib/in? 
E, = 3.725 £6 evaink 
vy9 = 0.663 
Voz OR 2 OZ 
Gi5 = 3.202 £6 1b/in? 
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Sample calculations for determination of these 
engineering constants for a symmetric balanced laminate, 
given the lamina engineering constants, are included in 


Appendix B. 


B. POmOrcenaniC TESTING 

Strain levels at points along the Y-axis (the axis 
across the specimen, through the center of the hole, 
perpendicular to the loading direction)were measured photo- 
elastically on a specimen with a central hole. In addition; 
the strain at a point midway between the hole and the end tabs 
was measured, giving information on the uniform strain away 
from the hole. Data taken is shown in Appendix C; Figure 17 
shows the photoelastic stress patterns on the specimen. 

The maximum strain concentration value at the hole, as 
calculated from photoelastic data, is K = 3.22. As seen in 
Figure 18 the strain concentration factor drops rapidly as 
distance from the edge of the hole increases. The axial 
strain at the outside edge of the plate is only 0.90 of the 
far-field uniform strain value. When the engineering 
constants for the graphite/epoxy composite are modified to 
include the effects of the photoelastic coatings, and then 
used in Lekhnitshii's [3] classical solution for the stress 
iscrasucion im an orthotropic plate with a central circular 
hole under uniaxial tension, the strain concentration factor 
predicted is K = 4.08 (see Appendix B). This is a value 21% 


higher than that measured. However, the predicted value is 
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based on the consideration that the laminate is a homogeneous 
Orenotrop;c material, rather than a laminate. Daniel, 
Rowlands and Whiteside [13] found that [0,/+45/0]. laminates, 
Similar to that used here, have a strain concentration lower 
than that predicted by homogeneous orthotropic theory, while 
[+45/0,/0]. Hamimaceseiave Strain Concentratiyon factors 
Meeacer than tne prediction. That 1s, the strain concentra- 
tion factor is dependent on the laminate stacking sequence. 
As expected, when the composite specimen was subjected 
memcensi1on along a principal direction of the orthotropic 
material, the maximum strain occurred at the ends of a 
diameter of the hole normal to the direction of the applied 


load. 


Cs FLAT PLATE ELEVATED TEMPERATURE TESTING 

Ten flat plate tensile specimens were tested at varying 
temperatures with the results tabulated in Appendix D. A 
graphic depiction of the primary modulus changes is given in 
Figure 19 which shows the results of an apparent modulus 
change due to temperature for both heat soaking and short 
duration heating along with the theoretical results for this 
laminate. This graph indicates just how far off you can be 
from the actual average modulus when testing the modulus 
from one side only on a specimen that was rapidly heated 
from the other side. There is a good correlation up to 150 
degrees Fahrenheit. At 200 degrees Fahrenheit the heat 


soaked specimens correlate with the predicted values but the 
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specimen heated for a short duration has diverged to 
feoroxitiaeely five times the value of the theoretical solu- 
tion. From 250 degrees to 350 degrees Fahrenheit the shape 
of the curve is a highly exaggerated form of the theoretical 
prediction and for the specimens heated for a short duration 
the apparent value has diverged from the theoretical value 
approximately six-fold while for the heat soaked specimens 
it has diverged approximately three-fold. 

This apparent modulus error of a composite plate is of 
stgnificance in a situation involving heating from one side 
and measuring of strain values via strain gages on the other 
side. This situation is possible and even likely if the Navy 
adopts some type of fatigue life data acquisition for air- 
Craft using microcomputer technology, such as described by 
Stanfield [14]. With an external heating source the strain 
recorded on the interior surface of a flatplate appears to be 
much less than the actual average value of strain carried by 
the plate. A fatigue life data acquisition system monitoring 
Strain on a composite wing section that is subjected to 
localized heating due to deflected jet exhaust or other 
heating source could record the occurrence of significantly 
less strain than that to which the structure actually was 
subjected. 

The ultimate strengths of the flat plate tensile speci- 
mens are listed in Appendix E by number, temperature, heat 
evele and type of break. Figure 20 is a graphical display of 


the ultimate strength versus temperature information shown by 
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type of heating. Unfortunately, almost half of the specimens 
tested broke under the end tabs due to problems in introduc- 
tion of load into the specimens. These data were not 
included in Figure 20, although they are included in 

Appendix E. The results in Figure 20 show no discernable 
pattern due to type of heating and no appreciable ultimate 
strength variation in the temperature range from room 


temperature to 350 degrees Fahrenheit. 


D. STRAIN CONCENTRATION TESTING 

The strain per average stress or net stress at six 
temperature locations are listed in Appendix F. The average 
and net values of strain concentration versus temperature for 
tenstle specimens 208 and 305 are plotted in Figures 21 and 
22 along with the theoretical prediction. The strain concen- 
tration factors were computed by dividing the strain gage data 
by calculated far-field strain values which were determined 
by dividing the average or net stress by the temperature- 
dependent modulus of elasticity. This modulus was computed 
from experimental data contained in the Advanced Composites 
Design Guide [8]. Details of the computations are shown in 
Appendix B. The strain concentration results from the two 
tensile specimens show a ean pattern and were repeatable. 
The magnitude varjation in the k factor between the specimens 
Poemewe at least in part to the difficult task of accurate 
Strain gage placement in the hole. The plot of the theo- 


retical values from homogeneous orthotropic material theory 
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shows a predicted change in the strain concentration factor, 
Bie only a 0.752 Change. The actual strain concentration 
values are shown to increase by approximately 20% at 300 


degrees Fahrenheit over the room temperature values. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


The work reported here shows that stress concentration 
gaectors in [0/+45/0]. graphite/epoxy composites are tempera- 


ture dependent. Values of K are 20% higher at 300 


moneda 
degrees Fahrenheit than at room temperature. This variation 

is not predicted by classical solutions for homogeneous 
orthotropic plates with holes, even when temperature depen- 
dence of elastic moduli is considered. 

Sercocmeoncen tration factors for the L0/+45/0]. graphite/ 
epoxy composites tested are lower at room temperature than 
weoumes predicted by classical solutions. This conclusion 
agrees with previous work [13]. 

The ultimate strength of flat plate tensile specimens 
in this study did not vary appreciably in testing from room 
temperature to 350 degrees Fahrenheit. 

It is recommended that further testing of the effects of 
temperature variation on stress concentration factors be 
undertaken, including the effects of different stacking 
sequences. 

Testing of composite plates with holes under off-axis 
tensile loading should also be undertaken, to determine what 
stress concentration effects are produced at elevated 
eamperatures . 

Further testing should also include the effects of changes 


in strain rate on the strain concentration factor. 
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APPENDIX A 


CALCULATION: PHOTOELASTIC SPECIMEN 


on of strain concentration factor (predicted) 


for photoelastic specimen: two layers of PS-I1C photoelastic 


plastic, one | 
ie For 


wey e ; 


flees tiffness 


stress, then, 


[QJ 


where the ae 
C 
Q14 


C 
12 


C 
59 


ayer of L0/+45/0]. graphite/epoxy composite. 


the G/E composite, measured elastic constants 


5 7.0) BOuub Ame 
= 9.89 £6 lppaaie 
= 0.96 

=e 

= 3.64 E6 Ib/in® 


itcwi GerOreunis OFtnoOvropic material tn plane 


LS? 


re Te 
= || Say es 
a Pee GG 


Ss are calculated using Jones [9] formulas 2.61: 


cE, 2 
Ae Ape 
Sige |e 
_ oo = 2.247 E6 1b/in* 
AA 2 
E 
= = 2.963 £6 1b/in® 
coon 2 


2H 





Cas ee 
066 = G, 3.64 £6 Ib/in 


Graphite/epoxy thickness was oe = 0.040 inches. 
Ee. For the photoelastic material, the manufacturer 


sts the elastic constants as: 


Ei 


Buren G62) G6 1b/in- 


on = 0,36 


ames tor an isotropic material, 


Ee E = 
G oes ee 


The stiffness matrix for this isotropic material has the same 
mornm das that in part | above, but the QF are calculated 


using Jones [9] formulas 2.66: 





p 
iS See E 7 a4 
- v 
P 
ae NUS es a 


Qee = GP = 0.170 E6 ib/in- 


Each photoelastic layer had thickness tP = 0.042 inches. 


3 The apparent stiffnesses for the specimen, then, 
are found by summing through the thickness of the specimen 


and dividing by the total thickness; ji.e., 


ons 





] 


re + 2t 


CA PAP 2 


1 F(o.040in)Q&. + (0.084in)Q?.] 


~ 0 2a ij ij 
Q1, = 4.623 E6 Ib/in® 
Q15 = 0.854 E6 Ib/in® 
Qh5 = 1.315 E6 1b/in® 
Qee = 1.289 £6 1b/in® 
4. The apparent engineering constants for the specimen 


may be found by solving the equations used in part ] for the 


desired constants. The results are: 


@e je 
To al 12) | 2 
ae ee = == = 4 pee Fe! Ib/in 
7 qT 
22 
T \2 
er Oe ae tae fea. leans 
4. See ee 
if 
: 
tT wie 
le 0.649 
2 
: 
tT . S12 _ 
opp = mee = 0.185 
Q; 
T T 2 
Gio = Qee = 1.289 £6 Ib/in 


5) 





oy Finally, when these engineering constants are used 


in Lekhnitskii's [3] strain concentration solution: 


y (= Pig 
ie - a, CoC 
= 2 ee 
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APPENDIX B 


K. CALCULATION: GRAPHITE/EPOXY LAMINATE 


t 


Hurcunaeonmon Strain concentration factor (predicted) 
ina Roy he 2 Onl graphite/epoxy laminate at elevated 
Pemperatures: 

1 Engineering constants for a G/E lamina were 
extracted from handbook data [8]. For a sample calculation 


at 350 degrees F uSe 


E, = 28.5 E6 Ibsin? 
. me 
E, = 1.78 £6 Ib/in 
eG ESn 1b i n° 
ae = 
Vio = od 


Vio can be calculated from 


1¥21 = =ar42 


The stiffness matrix for this lamina in plane stress is 


Qi7 [812 2 
[Q] = Qi Q59 0 
0 LO a%&, 


where the Qi7 8 are calculated using Jones [9] formulas 2.61: 


E, 2 
Q) = 7 = 28.67 E6 Ib/in 


Tes 


6 | 





V712Eo 


se 

Q Sg C= «(056 SCE OCD /in 
E 
2 ee 

Q = ~=——_——— = ].79 £6 Ib/in 

22 ] - V12%91 
" - ee 
66 = G15 = .87 E6 Ib/in 
Be omemunGe tae laminate stiffness constants classical 


laminate theory is used. Transformation equations, [T], 
from elementary mechanics are used to express stresses in 
a X - Y coordinate system in terms of stresses in a I - 2 
coordinate system where 


eoce sin‘e 2sinecoss 


[T] = einer cosa -2sinecose 


-sine@coss sinscoss Ae eee: 


and a transformed reduced stiffness matrix, [Q], is defined 


as 
(O]) = nae aed 


Meee rms of reduced stiffness coefficients, Q the 


: a 
transformed reduced stiffness coefficients are 


= : 2 : 
Q11 = Q11 cose =r 2(Q15 i 2066) sin@acos canes Qoosin's 


ene 2 eet 4 
Qyo = (0,1 + Qo - 4Qgg)sin“scos”e + Q,,(sin'e + cose) 
Ooo = Q11 sin’e + 2(Q15 + 20¢,)Sinscos“¢ . Q55c08 "8 
~ 3 
Qig = 7404, - Gyo - 2Qge)sinecos~e - (Qi5 - Qo + 


+ 20¢¢)sin-acose 
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ces ee 20¢6)sin°ecose-(Q,, - Q59 


+ 20¢¢)sinecos*¢ 
ee 
(Q4 4 ts Q59 = 2Q15 = 2Q¢6)sin ecos*¢ + 


+ Qeg(sin’e + cose 


For @ = 0 degrees 


ona = 


Q,, = 28.67 £6 Ib/iné 


Q15 = .56 E6 1b/in® 
2 eee 
Q59 2ele79 ES Ib/in 
Q16 = HOE 
Q56 = 0.0 
a ey 
066 = ,86 £6 Ib/in 
degrees 


3 788 Gyan 
/ O25 © PARE 
S755 8G lepons £ 


6.720 £6 1b/in* 
3720) 3G Rie 


Faas eyin- 
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For 9 = -45 degrees 


Q,, = 8.765 E6 1b/in® 

Q15 = 7.025 £6 Ib/in® 

Oop = 8.765 E6 Ib/in® 

Q16 = -6.720 £6 1b/in® 

Gog = -6.720 E6 1b/in® 

Ogg = 7-335 £6 1b/in® 

Sis Realizing that symmetric laminates have no coupling 


between bending and extension, in-plane forces will produce 


extension only or 
{N.} = CA] te?) 
K x 


where ess are in plane forces, Ai; S are the extensional 


0 


stiffnesses and Ey Ss are the middle surface strains. From 


Jones [9] for an orthotropic laminate 


(Q..)t 


n 
A... = a ag) 


where ty is the thickness of a lamina. Noting that the 


thickness of each lamina are the same 


(0. yo. Sots 
Le n 
where n is the number of lamina. In this case the laminate 


meunrness constants are: 
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Q& = 18.7175 £6 Ib/in‘ 
Qo, = 3.7925 £6 1b/in‘ 
aS, = 5.2775 £6 1b/in* 
Ov6 = 0.0 
Qs, = 0.0 


Oke = 4.1025 E6 1b/in® 


4. The equivalent engineering constants for the 


laminate can now be found from 


ae. Zi 
ie ] - V12%9] 
«x Meee 
Ve = S| 
sc. 2, 
22 ] - V19%91 
an 
066 = 8)2 


Simplifying produces the equivalent composite engineering 


constants which are 


EC = 15.99 E6 Ib/in‘ 
ES = 4.51 E6 Ib/in’ 
Gv, = 4.1025 E6 Ib/in® 
vag = «719 

3 = 1203 
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5. Finally, when these engineering constants are used 


iebekhmitskii's (3} strain concentration solution, 
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APPENDIX C 
PHOTOELASTIC DATA 


Stress Concentration Data 25 February 1977 
Plate # QO] y-Direction 


# of Runs: I Load 750.0 F = 38.298 


TNN INO NN NO EPSX —_EPSY 
=2,59 3651) MIC 21.5 603 5201 
5.5 -3.0 63.5 RRRRRR 1943 0 RRR KH 
E2eoese 0 2975 37.5 1101 =) 28 
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32.6 =c\.() Sans 23.8 658 Se 
owes 0 ~~ 19.6 23.5 675 =i a0 
B25 30 19.6 21.8 578 -268 
See s0 1946 21.5 561 -~285 
-6.0 -3.0 13.3  *###** = 543 9 FRR HH 


6/7 


Oo CO OO SF —S —]| S| WH — 


[~ 


Poe 
BVA 
oS 
She) 
-uS 
glee 
ae)ls 
93 
0 





isms Genial 
CG. 

bel 
VS 

6° LL 
GG" 

LZ’ 
LG- 

on | 
eu 

L°LL 
LS° 

9° LL 
79° 

v'él 
LQ 

G‘dél 

O0' dl 

cil 

O'2l 

L°?l 

6° LL 

acu 

Lz 

LZ’ 

Eta 
A TT Sw 


Sco 
Of0€ 
OvLL- 
OSOE 
OLZL- 
OVLE 
UZole 
Ua 
HGS les 
OGCcE 
BcCole 
Sreilke 
Oc6L- 
OL6¢ 
O6LZL- 
O£6¢ 
O€OE 
OLOE 
OcOE 
OVOE 
OLLE 
OOOE 
O90€ 
OVLE 
OE LE 


ae ee 
comocecomec omg Wy S 72 SS lic 7st 66 SI ce cl ve 6 JL Bore 


O60L- 
06L¢ 
OSS1- 
O9L¢ 
O8SIL- 
O98¢ 
SO als 
Ov6¢ 
OvvVL- 
OL62 
OS OL 
068¢ 
SVit- 
Oe ar 
OvZL- 
0692 
OLL2¢ 
Of 
OLL2 
GLLle¢ 
OS8¢ 
DALE 
06L2 
0982 
GU8¢ 





SSS: [es 
OS ac 
O0VL- 
OLS2 
OvTL- 
UZ 
Sty Sits 
OE 
GO0c l= 
OFLC 
OSes 
GEG 
O6SL- 
O82 
O8tL- 
OSH 
Oa 
OLS2 
O¢2S¢ 
OVS 
0092 
OLt2 
SIL? 
0092 
0092 


OO A 
GOEC 
OS¢L- 
082d 
002 l= 
GUE? 
Os ler 
SCV 
Oat = 
O82 
O9EL- 
O8EC 
GCUL- 
UCC 
GcEl- 
00d 
O6c¢ 
09¢¢ 
0622 
USAGE 
OvE? 
0&2 
Bh Oe 
Neg 
OVed 


oa Ls 
G90¢ 
SL a 
GvVO¢ 
OZ Es 
0602 
Sa4 |e 
GLZL¢ 
OvOL- 
Olde 
Uae 
OE€LZ 
SVE 
O66L 
O8LL- 
O86l 
O02 
Veo? 
0G0¢ 
Ov0¢ 
OOLZ 
O66L 
O20? 
OOL2 
GOL¢ 


SbS 4 besser 
GQ XIGNd4ddvV 


O£6 - 
O€Sl 
OL6 - 
OL8l 
Of€OL- 
ove | 
O80L- 
SO6L 
006 - 
ST6L 
OF Oils 
SS8lL 
OL 
OVI 
OLOL- 
OOZL1 
oar 
Osi Il 
OSZ1L 
0081 
OFS l 
Osis |. 
O8Zl 
OS8l 
OS8L 


06L 
GZSL 
S18 
0991 
068 
OLSL 
GL6 
SIC oul 
09/ 
So 
a0 
O009L 
Be 0 
S8rl 
088 
O8stl 
O7SL 
02S 
OvSl 
Aca 
ObSL 
06rl 
Oise 


O8Sl 
Oc9l 


0S9 
aoe e 
S89 
OOEL 
OGL 
OVE lL 
Oar 
Ose 
O0€9 
SLUL 
O08/ 
OvEL 
OLL 
Obl 
OL 
O€cL 
Osa 
O6cl 
O6c1L 
O8cl 
Obed 
UE | 
OLcl 
Of€EL 
Oe | 


G2% 
OSOL 
se 
OvOL 
ONS, 
O90L 
O£9 
S60L 
G6v 
O9LL 
009 
O90L 
UGS, 
OOOL 
GLS 
O26 
OSOL 
OvVOL 
OSOL 
ScZOL 
O€OL 
086 
O00L 
0901 
OSOL 


Oe cs 
S08 
O¢ct- 
008 
Oy = 
0¢8 
O9Vs 
O08 
OLE- 
058 
O9t- 
OL8 
Sy 6 
O09L 
Of t= 
Or 
OL8 
008 
OL8 
OL 
O8Z 
O€L 
O92 
OL8 
OL8 


iC C™ 
Ose 
O8d- 
OTS 
UCce 
S09 
Ogee 
oo 
ODC- 
Ses 
gig = 
a 
GG 
Oe 
O8c- 
00% 
09% 
USS 
OSS 
OSS 
Oss 
00S 
00S 
Sh 
OSS 


[sy)o - Jj Sdadbop Of 3@ - (YOUL/YOULOUDLW) NIVULS 


OvL- 
ge 
Sirs 
ale 
O8l- 
Oct 
O8L- 
Gide 
Sal 
OLE 
Silas 
OO€ 
O9l- 
062 
O31 - 
OL2 
Oce 
Oce 
ete 
OOE 
Odd 
08d 
O08 
OLE 
CHES 


poe 
COE 
LOZ 
90¢ 
COE 
LOE 
GSO¢ 


vO¢ 
LOL 
LOL 
LOL 
el 
(e101 I 
LOL 
LOL 
SOL 
901 


Ble iie, 


68 








SAA ace 
ON Sel 
55 

DElh 
CSD 

ON 
Aa 

ON 
oe 

ON 
oo. 

ON 

ON 

ON 

ON 
G3xV0S a 


HAP 
HAP 


Supe o a OOS RS OSel = S2cl 000 l-SG06-8057 - S805 - 0Gr pe 0UC = sags 
OO€E SOOE OFL2 O92 ONZ2 OPEL OSIL OOFL OOLL O84 OLS Sle COE 
Cab Ot lemGict | sO l= U0dbe s0901-s0de- (ODL =2089 Seo te ecic Sauls 
OZ0€ Ove OSS2 SEEZ O802 OBL SZSL OVEL OBLL O28 S09 DOE cOE 
i emOoul = re l=mOeclsaOLlL tT 046) ~=3¢o- 00% = NOUS = o0iis s0Vc= S07 ks 
ORICueOcec sOlco SUGOL SOL Sool Opel scll seZo SHER SES Uae EGe 
OeeeOcol= OeSlsesteols 0VCl= OOLL- 076- O62 - 0E9 Oi (ORs te ee (bhe! | 
ave lec SUp0c SUS O49 “097l O92l S90L 073 5 079 0327 —OSc SO¢ 
COC eee sos ey l aOLgl> Sil WOS6- Wee =~ 8509 = SLPS Oet= Geils 
WUGCmeUeue WOOtCC  —Glc  0S6L “Ol7! WO8tl Ogcl O96 OvpL 00S Oe DO¢ 
VECO mee? MOGUC NOLO L Oro l VOOrl Gecl W086 OSZ O€S OLE LOL 
vances 7G Olu CemucIC OIG! SOCZ sept Ulcl O86 OVL O66 S22 LO 
Ceo UCyc MOSlCeROOGL SAO Soir l OGIl 0G 099 OOb SGZL LOL 





G6°9€ LB°EE GL°OE LL°L2 v9 v2 GG’ I2Lb Bl GE'GL ZE°ZL 2°6 9L°9 BO'E 





©f$0 (1S4)9 - 4 Saaubap ogl 2e - (YyoUuL/YydULOUdLW) NIWULS 39V9 


69 








SJA 69° L°EL Bae 
ON OZ4° 9°8g Bae 


28° Sima Oem Ove Ole — 087 O57 — O22. - O61 - OSI) Olen 05 emees: = 

ON 6°OZ 00S 09F OLD O8E OSE OLE Ol2 G22 O61 Spl ool 9S 90¢ 
0S° TAO “Oe — Spe = GOS -94¢7)— O62 - L0G GIl-) OC OC nanOV ns 

ON 6°OP 028 Og GLZ 0$S9 009 #£4OS¢ 09v OOv o€€ 092 O02 GEL cOe 
69° O£€61- O€Z1- O8SI- OPPL- O8ZL- SELL- 086 - OV8 - SZ9- O00S- OvVE- DDC- 

SA Pell OS/2 OLSZ OLEZ OOLZ O88lL OE9L Slrl OOZL O86 oSZ o¢€s OOF LOE 
9° C7eechen Gee Gor “G7 = Oe Gl - 001 — OFl—= OLS 08 3355 

ON 6°S9 GZS O8p GSv G2v OSE OVE O0€ GEZ G6l OSL Sol S&S LOE 
Eg ° (mC Soe ISoe= 00Gm= O0e- O62 - O0e = SGI= O¢l> 0820s 5 

ON €° 99 00S 09F O€p O6€ O9€ GLE GL2 O0€2 002 o9lL s2zt 9 SZ 
Sa (ccm Cen Gah = Glee Gye - oe - 052 —- O0c-  SSls Sclaml as 

ON 6° 9p OLL O00/ Gtv9 08s O€S GSP O8E OZE GL2 olz og9t OOl bO¢ 





G6°9€ LB°EE GL°OE LL°LZ v9 HZ GS°LZ Lv'Sl GE'SL 2E°ZL v2°6 YL*9 BO'E 


Gaxyvos 4 (tsw)3 7-40 (LSY)O - 4 Sa9aubap ooz 7e - (YOUL/YOULOUDLW) NIVYLS 49V9 
LW35H 








70 





LVW4H 


Sane OL 
ON 99° 
oo 

ON 
OOF 

ON 
Gila 

ON 
6L° 

SAA 
GL 

ON 
ooo 

ON 

SdA 

SAA 

SAA 

San 

SIA 

qaxvos 4 


bree 
0°09 
6° 2S 
lL 6S 
Wt eee 
Lev 
£69 
8 VES 
E'L¢ 
SY 
l Ye 
6°62 
iL 1US 


(}suw)3 


HbA® 
bA® 


OLE 
S09 
sists 
009 
gee 
Sa 
069 
O€8 
O6€ 
00% 
SOP 
029 
0691 
Of€E | 
OLE L 
Sy sta 
OvZL1 


O£E 
09S 
Ove 
OSS 
sa) 
OL? 
Gs) 
O8Z 
Bngic 
OS? 
OE 
ogS 
O09SL 
O¢ccl 
ODL 
OO 
Oe | 


q 


SOG 
O¢S 
Oiite 
00% 
G8¢ 
Stet 
See 
SG i 
Oct 
Oc 
Gee 
ORAS 
Dean 
OVLL 
Oh) | 
OcOlL 
OLbL 


GLe 
OLD 
06¢ 
OST 
OS¢ 
Ore 
0¢S 
O59 
O8¢ 
Soins 
OO€ 
Say 
06cl 
ay Oil 
0901 
006 
OcEL 


OS¢ 
S¢v 
Sei 
Slt 
Odd. 
Oe 
OL 
ao 9 
OS¢ 
Gene 
Vig 
SL? 
OVI 
096 
O16 
OL8 
O8Ll 


OTC 
Grae 
O&¢ 
OLE 
SHUI 
OOE 
OL 
OS 
Oe 
elt 
OC 
O9€ 
0cOl 
064 
O78 
069 
O90L 


Occ- 
OE 
O8l- 
SLE 
O8L- 
OS¢ 
Sim 
Bev 
a Ne 
06¢ 
F065 
IGE 
088 
089 
OLZ 
06S 
OL6 


O8L- 
OL¢ 
OS{L- 
OL¢ 
srelil = 
Sle 
OGcm 
O8E 
Uy ee 
OS¢ 
O8L- 
SSG 
Or 
OS 
O£9 
OLS 
OLL 


Or a ie 
Oc 
i G\ 
SOE 
OvL- 
O8l 
Oe ge 
O€€ 
Ge lie 
OZ1 
ees 
GE 
Og 
O€D 
00S 
00? 
OL9 


OVL- 
O8l 
Sila 
Sie | 
Shs 
Obl 
O8L- 
OC 
OOL- 
OSL 
Ocl- 
OL1 
OS? 
Oe 
OLE 
O¢cE 
OL 


OLL- 
Ol 
Oia s 
Ocl 
08 - 
SOl 
os 
ONS) 
Us 
OOL 
06 - 
Orl 
Ole 
Ode 
09¢ 
O&¢ 
OLE 


aC 
ag 
SP 
aie 
Ene 
file 
ois 
OOL 
OP 
8, 
SP 
001 
OZL 
OLL 
Onl 
OLL 
OL1 





Ghee ST 6e GL 05 ei L¢ 9 Ve GG iz pe ee Gees Gece eG it 


>40 (LS})O - 4 Saaubap QGZ ze - (YdsUL/YyouULOUudLU 





NIVULS 


L0¢ 
COE 
LOE 
EU 
SO¢ 
bO0c¢ 
LOl 
LOl 
LOL 


LOL 
LOL 


BO 2) 


iy) 





S3A 65° 2°Ov Bae 
ON SS° 2°49 Bae 


LS” OC. Cumr sc cme O06 Woe S/ lee GU ies Silas (OOS OS mama saad = 

ON gOS, 08% 07S 00S SUL 000 SERS Oc€ pe) IGG Os Oe tes eve 
6° amc OC Cm UGrs OCdnmO00Cems OS lee OG le  SCl= se OO lar Os mai” = 

ON 8°09 Ug Sos cle 090 SLD O9€ OO€ ac 00¢ ODL 06 OS COE 
19° COC Cn OC Cm Ge ULCam OGlamacle. Otis “O0l= 08 sa0S sat “= 

ON G SL 00% SUD 001 aie GLE OL¢ 515 G 00¢ si) O€l 06 GL LOE 
GL° COV? errOUCnOUcems OO, Cou aV Cem Olam OSTs O00 le  O00Tss09 =aot- 

ON 0 89 Oc LU BIC U Sete GUE OLE Se) GUC GO¢ el al Me, U2 
65° CU OV Ue OLUT nO LCmueG Lt Si2e SGOc> O08l= SC leas SeO0 ss 

SAA c Ov 068 Si (bes) OGL O19 O19 Oc Of” Sch SEE 092 O00¢ Stl vO0¢ 
6° ed. Cm OU Comm UCC = 09 Cm GC me O0Gmen OF le NO | = OO eso meedics 

ON alee STS Bi OLD 00V GUE 08d O¢ 00¢ OSI cr Sec OD v0¢ 





Soe SIS fats) | S(O am Oem 7A nS eeecirde iy SPIE Seem lS ALD SIPASIPNS NG! oe 


qayvos 4 (tsw)3 :$0 (LS¥)O- 4 SaaubBap QOE 1e - (YOUL/YOULOUDLW) NIVYLS 79V9 
1V3H 








IZ 





SAA 
ON 


———=_ 


ON 
ON 
ON 
ON 
ON 
SAA 


SAA 
SAA 





Ganxvos 
LW3H 


8° Ve 
L9°  €°9¢ 
by 

6° 9S 
8S ° 

Eeras 
Ne 

Caley. 
Oe 

bes 
8° 

L°8v 

€°92¢ 

G'€2 

G2 
a (rswyy 


bAe 


bAe 


06¢ 
009 
SOV 
O0Z 
S6€ 
OLS 
00S 
S29 
Of 
062 
Oo 
O8tl 
OLrl 





Go’ WAG temo OF br £2 79 Ve GS coy el 66 Gil Scie. 7 oe OI ae 


Use es SGC 
GLS G¢éS 
ORNS Tt sets 
S29 09S 
SSS alts 
GLY OED 
OSes OY 
06S OLS 
G8E - OYE 
00/ SS 
Oe ae Cael 
OSEL OS 
O9EL Suhel 





Bac 
SLY 
OOE 
mG 3 
O0€ 
O6E 
OLE 
00S 
OcE 
US 
OSOL 
O Sila 
OIE 


002. = 70a 109l— (OCI OSs = iG Vasame 
Sev ae Ove Gi OS¢ she 83 
G9cr> Ve S002 “OC Sola wala: 
GLY Gey OZE Oce OS¢ Cec OT 
0925> SOc O8ly 703 le USTs Sac vo 
Blac SOEe EOC GO¢ Se | Ovl O08 
SSS =Oeicr SoC Otle. SU l=) SSO ee 
SS OcV OLE 06¢ OS OO) StS I 
O08 "5992 Sec Ode O9l-= Sel Os 
00S SUD O8E Oct Bac CO Os 
026 O0€8 00/ OLS OLD Syas Uke 
OcOL 006 OL: 069 08S O8b OSE 
OOOL 068 OLL Gv9 O0¢S OSc. 42 





40 (LSY)O- 4 Sadubap QGgEe 72 - (YouL/YOULOUDLW) NIVYLS 


SHG 
OL 
Of 
0S 
OS 
SP 
OV 
Of 
0S 
OL 
O€l 
Occ 
OZL1 


poe 
COL 
Or 
SO¢ 
pO¢d 
LOL 


LOL 
901 


49V9 


es 





ful OSE ON eI SAA pOEe 


c6 Use SAA ON SAA LOL 
6Ll OO0€ ON ON SAA Ee 
b6 OO€ SdA ON SAA pO0¢d 
06 OS¢ ON ON Sas LO 
L6 OG¢ SAA ON SAA SO¢ 
20) | 00¢ Sah Sau ON LOE 
16 00¢ ON ON SAA NMU¢ 
SOL OSL SAA SAA ON ae 
pol OL SdA SAA SAA LOZ 
901 OL SAA SAA SAA SOL 
el lL OL SAA SAA SAA bol 
96 OL SAA SAA ON OLE 








(£SW) HLONSYLS JLVWILIN (4) JUNivuadWaL GayvVOS LVJH YvIUs GOOD GAILVNIWV1I90 NIWII9dS 


ViVG HLONFSYLS SLVWILIN 
J XIQGN4ddV 


74 





Ts) 


OZ2Lpb OO8€ O8bE OBLE S8lZ2 O9'2 OZLIZ OO8L SSrL OELL OLZ Olv OSE 
EZ OU PMOL c. OOS MOTO CHUGH? SOONG O67 MEOTTL “Ocol | Od Ove OO€ 
Ovlp O9LE OFVE OVOE OLL2 OOVZ GSz0z2 OLZL OZ2vl O60L OGL G€v 0S2 
OZlLvb OZLE OSVE OVLE OLLZ O8b2 OLLZ O8LL O9FL OOLL 089 GPC OO 
O9lp OZ8E OSPE SZLE OL8Z O8'z2 O6LZ O6ZL O8tL OLLL OGL Ove OSL 
OOlLp OSZE OZVE OLOE OS42 OLvz2 O02 OSZL SOvVL O80L O22 010) ee OY 
GOE NAWIIadS 
OS8E OSSE OOEE OS90E 0992 OZEZ O96L OLZL OS9L OS2t OLS 00S OSE 
O00v OS6E OOSE OZOE O£9Z O622 OVLZ OOLL OLSL SZOL OGL 00S OO€ 
O00vb S8vE SGZLE OL62 GS2lz2 GLv2 OO6L OO9L OZL S86 G29 00b 0&2 
OOLE GSE OLLE O8f2 OL9Z O422 OOGL SZSL OOEL OOLL 029 092 002 
O98€ OOSE OOZE O£62Z 0652 SOEZ O96L O89L OFbL SLOL ObZ Gib. OOS I. 
O6ZE GlvE SOLE OvV8z OSZ O2zz O98L O8SlL O9ZL SLE 059 sae Or 
(youL/YoULOUDSLW) NIVULS 802 NAW194dS 
(tSwW) SSIYLS FOVUSAV ZS°ZL ZS°LL Zb'OL Gz2v'6 SZE'S LEE’ L 682°9 9EZ2'S 68l’bv ZHL°E G60°2 LbO'l (4) 
(tsw) SSIYLS LIN 68°9L BS'°SL 8O'VL ZO°ZL 92° LL ¥S8°6 9bb'S BEO'L LEX’'S E22'b GLB°2 BOK’ L dwWal 


VLVG NOILVYLNJINOD NIVUYLS 
4d XION4ddV 





Woe 


le 


We. 


LIST OF REFERENCES 


Vapicesmiomies, “composite Aircraft Study in Final 


Stage, soviation Week & Space Technology, v. 104 
DOOD o-18, 19 Apri Ieg76. 


Klass, P. J., "Advanced Weaponry Research Intensifies," 


Aviation Week & Space Technology, v. 103 no. /7, 
peeoee soe 1S August 1975. 


BeMMMmpEsKidees. G., Anisotropic Plates, p. 157-190, 
Gordon and Breach Science Publishers, 1968. 


Linnander, R. J., Laboratory Development and Tensile 
(coe omomecanapill tey Glass; Esoxy hybrid Composite 
Materials, M.S. Thesis, Naval Postgraduate School, 
Monterey, 1974. 


oneview rPa. and €ross,.S. L., Studies Related to 

the Acoustic Failure Resistance of Advanced Composites, 
paper presented at Twelfth National SAMPE Symposium 
"Advances in Structural Composites," Anaheim, California, 
10-12 October 1967. 


ponticemime Lb, LOW Energy Impact Loading of Graphite- 
Bueyelalewesa NM. o. Thesis, Naval Postgraduate School, 


Monterey, 1976. 


Gilley, E., Roylance, D., and Schneider, N., Methods 
of Fiber and Void Measurement in Graphite/Epoxy 


Composites, Composite Materials Testing and Design 
Giimimedmooanterence), ASIM STP 546, American Society for 
Testing and Materials, p. 23/7-249, 1974. 





Air Force Materials Laboratory Contract Report Number 


F33615-71-C-1362, Advanced Composite Design Guide, 
by Rockwell International Corporation, January 19/73. 


Jones, R. M., Mechanics of Composite Materials, 
p. 46-172, McGraw-Hill, 1979. 


Emotelastic, Inc., “Instruction Manual! for 030 Series 
Reflection Polariscopes," 1974. 


Saba, UO. L., Stress Concentration Around Holes in 
Laminated Fibrous Composites, M.S. Tnesis, Naval 
Postgraduate School, Monterey, 1975. 


Micro-Measurements Tech. Note TN-128-2, Strain Gage 
bemoerature Effects, p. I=9, A-1, 1976. 


76 





icoeeuawrele sl. Ms, Rowlands, R. E., and Whiteside, J. B., 
"Effects of Material and Stacking Sequence on Behavior 


of Composite Plates with Holes," Experimental Mechanics, 
p. 1-9, January 1974. 


14. Stanfield, W. C., Microprogrammable Integrated Data 


Acquisition System - Fatigue Life Data Application, 
M.S. Thesis, Naval Postgraduate School, Monterey, 19/76. 


77 





Pee Aes OLSTRIBUT ION ELST 


Defense Documentation Center 
Cameron Station 
Miexandrad., VA 22314 


Library, Code 0142 
Naval Postgraduate School 
Monterey, CA 93940 


Department Chairman, Code 6/7 
Department of Aeronautics 
iavalmrostgqraduate Schoo] 
Monterey, CA 93940 


MocmemrGcore mM. H. Bank, Code 6/7Bt 
Department of Aeronautics 

Naval Postgraduate School 
Monterey, CA 93940 


LCDR Rene J. Chicoine, USN 
i=cmeraval best Pilot Schoo! 
Naval Air Station 

Patuxent River, MD 206/70 


78 


Nor 


Copies 


2 

















Thesis vA 
C427 Chicoine 
opel Temperature depend- 


ence of stress concen- 
tration factors in 
composite materials. 


Temperature dependence of stress concent 


DUDLEY KNOX LIBRARY 








